wave signatures in the upper mesospheric temperature and their association with the wind fields at low-latitudes (20°N), J. Geophys. Res. Atmos., 110, D09S06, doi:10.1029/2004JD004564, 2005 Terdiurnal wave signatures in the upper mesospheric temperature and their association with the wind fields at low latitudes (20°°N) [1] A novel investigation of terdiurnal (8-hour) oscillations in the mesosphere and lowerthermosphere temperature and wind field over Maui, Hawaii (20.8°N, 156.2°W) has been performed. Coincident observations using a mesospheric temperature mapper and a meteor wind radar were obtained since May 2002 as part of the Maui Mesosphere and Lower Thermosphere (Maui MALT) program to investigate the seasonal structure and dynamics of the low-latitude middle atmosphere. This study focuses on a 10-day period in July 2002 when a persistent $8-hour oscillation was identified in dual measurements of the OH (6,2) and O 2 (0,1) nocturnal rotational temperatures sampled at nominal altitudes of 87 and 94 km, respectively. During the summer months, the semidiurnal and diurnal tidal temperature components are expected to be minimal, and these data are most suitable for investigating the terdiurnal wave component, which is usually much weaker. Our results show that the primary 8-hour oscillation observed during this 10-day period exhibited a mean amplitude $5.5 K and a well-defined phase shift ($1-hour) between the OH and O 2 temperatures (with the O 2 oscillation always leading). The downward phase progression and inferred mean vertical wavelength of $63 km are most consistent with that expected for the terdiurnal tide. Coincident meteor radar measurements also show an intermittent 8-hour periodicity in the wind data. In particular, a detailed comparison of the winds and temperatures over a 4-day interval within this period suggests a significant correlation indicating a near in-phase temperature relation with the meridional wind component and a near-antiphase relation with the zonal wind component. Comparison of the OH and O 2 8-hour temperature amplitudes also shows strong evidence for highly variable wave dissipation, with amplitude growth factors ranging from 0.6 to 1.9 throughout this period.
Introduction
[2] Thermal tides and planetary waves are known to dominate the energetic and dynamics of the mesosphere and lower thermosphere (MLT) region ($80-100 km) due to their large amplitudes in the horizontal and vertical wind fields. Thermal tides are vertically propagating waves excited by differential absorption of solar energy in the troposphere and stratosphere, predominantly by water vapor and ozone. They are global in scale, owing to the nature of their forcing, and exhibit periodicities equal to the solar day or its subharmonics. The most important tides are the diurnal (24-hour) and semidiurnal (12-hour) migrating components which exhibit a westward phase velocity (i.e., they migrate with the apparent motion of the Sun). To date, most studies have focused on the diurnal and semidiurnal tidal components; however, in recent years, observational and modeling evidence supporting a strong, but intermittent terdiurnal tidal signature at MLT heights has been accumulating [Hocking and Thayaparan, 1997; Pendleton et al., 2000; States and Gardner, 2000; Smith, 2000] . There are two competing mechanisms for the terdiurnal tidal component: direct thermal excitation or a nonlinear interaction between the semidiurnal and diurnal tidal modes with considerable seasonal and latitudinal variability [Smith and Ortland, 2001] .
[3] Measurements of tides in the MLT region have primarily been made from satellites [e.g., Hays et al., 1994; Burrage et al., 1995; Shepherd et al., 1995] , and from ground-based MF and meteor radars [e.g., Manson et al., 1989; Franke and Thorsen, 1993; Hocking and Thayaparan, 1997; Hocking and Hocking, 2002] , and Rayleigh and resonant lidars [e.g., Dao et al., 1995; States and Gardner, 2000; She et al., 2003] . Together these studies have provided a wealth of data on the temporal and latitudinal structure of JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 110, D09S06, doi:10.1029 /2004JD004564, 2005 Copyright 2005 by the American Geophysical Union.
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D09S06 the 12-and 24-hour solar tides. Remote sensing measurements of the naturally occurring airglow emissions also provide an important tool for investigating tidal influences on the upper atmospheric dynamics. Pioneering studies on the influence of tides on the MLT airglow emissions were initially conducted by Fukuyama [1976] and Petitdidier and Teitelbaum [1977] . Subsequently, there had been several reports in the literature using ground-based observations of the 12-and 24-hour tidal signatures in the airglow emissions [e.g., Takahashi et al., 1984; Walterscheid et al., 1986; Hecht et al., 1998; Sivjee and Hamwey, 1987] . However, the finite length of the nocturnal airglow data sets often limits their tidal interpretation. Nevertheless, useful information on the tides can be extracted from such data sets [Crary and Forbes, 1983] .
[4] Terdiurnal oscillations in the MLT wind field were first detected using meteor radar measurements [Revah, 1969] . Subsequently, several observational and modeling investigations have revealed the existence of terdiurnal wind oscillations of limited duration but significant amplitude (typically up to $20 m/s) in the MLT region [Glass and Fellous, 1975; Teitelbaum et al., 1989; Thayaparan, 1997; Akmaev, 2001; Younger et al., 2002; Namboothiri et al., 2004] . In contrast, there have been very few reports of the presence of 8-hour oscillations in the airglow emissions. Initial measurements of 8-hour signatures in airglow emission intensity were conducted from high latitudes to take advantage of the long polar nights [Sivjee et al., 1994; Oznovich et al., 1995] . However, more recent measurements from midlatitudes show strong evidence of terdiurnal oscillations in mesospheric temperature [Wines et al., 1995; Taylor et al., 1999; Pendleton et al., 2000] . Together these measurements provide independent evidence in support of the MLT wind measurements of the terdiurnal tidal signature at high and midlatitudes.
[5] As part of the Maui Mesosphere and Lower Thermosphere (Maui MALT) program, the Utah State University Mesospheric Temperature Mapper (MTM) has been operated at Maui, Hawaii (HI) (20.8°N, 156.2°W) since November 2001 to investigate variability in mesospheric temperatures at low latitudes. As expected, the data were dominated by longperiod tidal signatures throughout the year [e.g., Dao et al., 1995; Hecht et al., 1998 ]. However, our data for July 2002 suggest that MLT temperatures measured at two altitudes were characterized by a persistent $8-hour oscillation. This paper focuses on measurements obtained during 5-18 July 2002, when the global scale wave model (GSWM) indicates a minimum in amplitude for the diurnal and semidiurnal tidal components in temperatures at this latitude. The MTM data have been used to investigate the properties of this oscillation (periodicity, amplitude, phase propagation and growth), which appears to be tidal in nature. These results were then compared with coincident meteor radar measurements of the MLT wind field to perform a unique investigation on the mesospheric wind and temperature relationship for this tidal component.
Instrumentation and Observations
[6] The Maui MALT program is a joint research initiative between the U.S. Air Force Office of Scientific Research (AFOSR) and the National Science Foundation (NSF) designed to investigate the dynamics of the low-latitude middle atmosphere in unprecedented details. As part of this program a cluster of optical instruments has been operated from the Air Force AEOS facility at the summit of Haleakala Crater, Maui, since November 2001. These instruments include a powerful Na wind-temperature lidar (operated on a campaign basis) and several passive imaging instruments designed for long-term unattended measurements of the MLT airglow emissions. Since May 2002, the optical measurements have been complemented by continuous meteor radar observations of the $80-100 km wind field over Maui, HI. This paper focuses on joint measurements collected by the Utah State University Mesospheric Temperature Mapper (MTM) and the University of Illinois Meteor Wind Radar (MWR).
Mesospheric Temperature Mapper
[7] The Mesospheric Temperature Mapper (MTM) was developed in 1997 under the NSF Coupling Energetics and Dynamics of Atmospheric Regions (CEDAR) program to enhance upper atmospheric imaging capabilities. The MTM is a high performance, solid state imaging system capable of determining wave-induced fluctuations in the intensity and rotational temperature of the OH (6,2) Meinel band, and was recently enhanced to include the O 2 (0,1) atmospheric band emission. The MTM utilizes a large format (6.45 cm 2 ), 1024 Â 1024 pixel CCD array coupled to a 90°circular field of view telecentric lens system. The high quantum efficiency ($50% at near infrared wavelengths) and low noise characteristics (dark current $0.1 e À /pixel/s at À50°C) of the CCD array provide an exceptional capability for high-quality nocturnal measurements of OH and O 2 emission intensities (<0.5% in 1 min) and derived rotational temperatures (precision <1 -2 K in 3 min). The inherent linearity and stability of the MTM has also enabled seasonal investigations of the mesospheric temperature variability [Pendleton et al., 2000; Taylor et al., 2001] .
[8] In operation, sequential exposures were made using a temperature-stabilized filter wheel fitted with narrow band (Dl $ 1.2 nm) filters centered at 840 and 846.5 nm for the OH (6,2) Meinel band and 866 and 868 nm for the O 2 (0,1) atmospheric band measurements, followed by a background sky measurement at 857 nm. To enhance the precision of the temperature determinations the signal-to-noise ratio (SNR) of the data was increased by 8 Â 8 binning on the chip to form a 128 Â 128 superpixel image with a resultant zenithal foot print of about 0.9 Â 0.9 km per superpixel. Rotational temperatures were then computed separately for both emissions using the ratio method, as described eloquently by Meriwether [1984] .
[9] For example, for the OH (6,2) data the ratio of P 1 (2) (840 nm) and P 1 (4) (846.5 nm) rotational line emissions, which are known to be in local thermodynamic equilibrium, is used to determine the atmospheric temperatures averaged over the $8 km thick emission layer centered at $87 km, using the transition probabilities of Goldman et al. [1998] [Pendleton et al., 2000] . A similar procedure was applied to the O 2 data to determine the height-averaged temperature at the $94 km level.
[10] The MTM derived OH temperatures were validated initially by comparison with simultaneous zenith temperature measurements obtained by the Colorado State University Na (UT days 190 and 195) respectively. For comparison, both data sets are plotted on the same scales. For each emission layer a temperature determination is made every $5 min (note: the example ''error bars'' show the uncertainty in the individual temperature determinations). The high quality of the data throughout the $9-hour observing interval is evident and each plot shows a welldefined long-period oscillation (of primary interest here) with superimposed smaller-scale gravity waves of periodicities $1 -2 hours. This is emphasized by the solid curve in both plots which show a fixed 8-hour period least squares fit to the raw data sets revealing a peak-to-trough variation of $20 K in each case. During the interval 5 -18 July 2002 (UT days 187-200), well-defined wave structures exhibiting coherent $8-hour periodicities were observed in the OH and O 2 temperatures and their associated emission intensities (not shown) on almost every night.
Meteor Wind Radar
[12] The Maui MALT meteor radar is located at Kihei, Maui (20.8°N, 156.4°W ) and operates at 40.92 MHz. Meteor trail reflections are coherently detected on each of five 3-element Yagi antennas oriented along two orthogonal baselines, with one antenna located in the center of the array common to both baselines. On each baseline the outer antennas are separated from the central antenna by 1.5 and 2.0 wavelengths, respectively. This configuration helps to minimize antenna coupling, provides enough redundancy to unambiguously determine the azimuth and elevation of most meteor echoes, and enables excellent angular resolution for position determination. The average transmitted power is approximately 170 W, which results from a 13.3 microsecond pulse length, 6 kW peak envelope power, and an interpulse period (IPP) of 466 microseconds. The relatively high PRF causes meteor echoes to be range aliased; however, the relatively narrow height distribution of meteor echoes combined with precise azimuth and elevation angle determination allows any range ambiguities to be resolved. The algorithms used to determine the meteor trail position and Doppler shift are described in detail in the work of Hocking and Thayaparan [1997] . Wind velocities are estimated from the trail positions and Doppler shifts using a weighted least squares fit to an assumed constant wind vector composed of eastward and northward components. (The vertical wind is assumed to be negligible.) The wind vector fit is based on echoes collected within 1 hour time bins.
[13] Figure 2 shows a spectrogram of the meridional winds derived from the meteor radar for a four month period (June to September 2002), encompassing the July ) where, std = 5.5 km, z is the altitude, and z 0 = 85.9 km, approximately centered on the OH emission peak altitude. (A similar analysis was performed for the wind data centered on the O 2 emission layer using z 0 = 91.7 and std = 4.5.) At the OH layer height, wind data show that the tidal perturbations throughout this period were dominated by a diurnal (24-hour) component (wind amplitudes typically >20 m/s) that was somewhat intermittent in nature. The semidiurnal (12-hour) tidal signature was also intermittent in nature and exhibited amplitudes of typically $10 m/s during June -July with significantly reduced amplitudes during August -September. The terdiurnal tidal wind component was also evident but weaker and more intermittent than the diurnal and semidiurnal components. In particular, the phase of the 8-hour component was found to be highly variable from day-today, and when averaged over the key period 5 -18 July, the ''phase jitter'' caused the 8-hour signature to essentially be averaged out. However, when the data were averaged for shorter periods within this window, the phase remained coherent providing a good estimate of the amplitude of the terdiurnal tide. Later, we utilize this result to investigate the wind and temperature relations for long-period quasi-8-hour oscillations observed in the MLT region. At this point it is important to note that in general the wind and temperature tidal harmonics have different amplitude dependencies with latitude; normally, for a given tidal harmonic, the induced horizontal winds are smallest at latitudes where the temperature perturbations are largest and vice versa. This is due to the nature of the Hough functions which describe the global characteristics of wind and temperature tides [e.g., Chapman and Lindzen, 1970] .
Analysis and Results
[14] A total of 12 nights of quality data were obtained during the period 5 -18 July 2002. Coherent long-period wave structures were observed on all of these occasions, ten of which exhibited a well-defined $8-hour periodicity while two indicated significantly longer periodicities close to the semidiurnal tidal harmonic. As the nocturnal date lengths during the summer months at Maui are limited to $8 -9 hours duration this analysis focuses on the dominant $8-hour periodicity waves.
Eight-Hour Wave Periodicities and Phase Relationship
[15] Figure 3 illustrates our method of analysis for extracting the principle wave parameters (periodicity, amplitude and phase) characterizing these long-period events observed jointly in the OH and O 2 temperature data. Owing to the nature of the nocturnal measurements, we are not able to remove the diurnal or semidiurnal tidal components from these data in a meaningful manner. In this example, the O 2 data (Figure 1b ) and the corresponding OH data recorded on 13 -14 July are plotted. To limit the effects of smallscale gravity waves, the MTM data were first averaged into 0.5-hour bins and then subtracted from the mean nocturnal values to yield the mean temperature deviations associated with the primary wave perturbations [e.g., Pendleton et al., 2000] . On this occasion, the mean nocturnal temperature was 190.8 K at the altitude of the O 2 layer and 180.1 K for the OH layer. The individual error bars on each plot indicate ±1 standard deviation of the averaged data which, as mentioned earlier, are dominated by small-scale geophysical variability. The solid curves in both plots indicate a simple least squares fit to the 30-min averaged temperature data set using the following wave equation:
where A is the amplitude of the fitted wave of half-period W with phase Xc, and X is the time. On this night, the O 2 data exhibited a best fit wave period of 7.9 ± 0.2 hours with amplitude of 11.2 ± 0.5 K, and a peak in the temperature wave at 1018 UT. In comparison, the OH emission exhibited a similar wave periodicity of 8.8 ± 0.2 hours and perturbation amplitude of 12.2 ± 0.6 K. However, the crest of the OH temperature wave occurred at $1130 UT, indicating a phase shift of $0.7 hours with the O 2 perturbation leading the OH signal. This result is consistent with downward phase progression associated with tides or large-scale, long-period gravity waves. Furthermore, the similarity in amplitudes of the two temperature signals indicates very little growth with altitude on this occasion (see discussion).
[16] Table 1 lists the results of our analysis applied to the 10 nights of data that exhibited periodicities close to 8 hours. With the exception of UT days 192 and 193 the data nights are consecutive. The fitted wave periods range from $7 to 10 hours for both the OH and O 2 data with a mean of 8.0 hours (OH) and 8.5 hours (O 2 ). Although fits to an individual night's OH and O 2 measurements show some differences in the deduced periodicities, practical limitations imposed by the geophysical variability in these two data sets suggests that in each case these waves are most probably due to the same $8-hour-type perturbation. These practical limitations are imposed by the variability in the smallerscale gravity wave content with altitude and by changes in the chemical processes affecting the emission intensities during dusk and dawn period. In particular, the phase shift between the O 2 and OH temperature data (for wave periodicities differing by <1.2 hours), shows the O 2 waves leading their OH counterparts with phase differences ranging from 0.5 to 1.2 hours, consistent with a downward phase progression. (Note: on UT days 188 and 198 the differences in the fitted O 2 and OH periodicities were close to 2 hours and they have not been included in the phase assessment.)
[17] To better investigate the nature of these long-period waves, Figure 4 plots all 10 nights when $8-hour waves were observed simultaneously in the OH and O 2 temperature data. In this plot, the nightly data have been averaged into 1-hour bins to emphasize the geophysical variability associated with the long-period oscillations. The coherence in the day-to-day oscillations in both the OH and O 2 data sets is most notable. In particular, there is very little nightto-night variation in the phase of the wave perturbation (especially for the O 2 data), resulting in a consistent phase relation (indicated by the bold solid curves in each plot). Figures 5a and 5b quantify this relationship by plotting the ''mean nocturnal'' temperature variation for each emission altitude throughout this 10-night period. The individual error bars show the standard deviation for the data ensemble (which, as noted above, are dominated by geophysical variability during this period). The solid lines indicate a least squares fit to the data about mean values of 193.6 K for the O 2 emission and 183.6 K for the lower altitude OH emission. In both cases the amplitudes of the mean temperature perturbation were very similar at $5 -6 K. The periods of the fitted sinusoids: 8.4 ± 0.4 hours (O 2 ) and 9.2 ± 0.3 hours (OH) agree well within the limits of the measurements and demonstrate the sustained and coherent nature of the observed $8-hour oscillations. To further emphasize the apparent dominance of $8-hour wave component, Figure 6 re-plots the O 2 temperature data (of Figure 5a ) where we have fitted independently a least 187 5 -6 July 9 7.2 ± 0.2 7.5 ± 0.4 6.5 ± 1.1 10.5 ± 1.7 1.6 ± 0.29 1 1.9 188 6 -7 July 9 7.6 ± 0.4 9.8 ± 0.1 9.0 ± 0.8 8.9 ± 0.9 0.9 ± 0.12 0.6 3.2 189 7 -8 July 8.5 8.2 ± 0.3 8.2 ± 0.3 6.6 ± 1.0 12.3 ± 1.5 1.8 ± 0.26 0.5 3.8 190 8 -9 July 9 8.6 ± 0.1 8.8 ± 0.3 10.5 ± 0.4 10.9 ± 0.6 1.0 ± 0.07 1.2 1.6 191 9 -10 July 9 7.8 ± 0.3 8.8 ± 0.5 5.1 ± 0.5 9.6 ± 0.5 1.9 ± 0.21 0.8 2.6 194 12 -13 July 9 7.8 ± 0.1 8.1 ± 0.1 9.8 ± 0.4 11.3 ± 0.5 1.1 ± 0.06 0.9 2.1 195 13 -14 July 9 8.8 ± 0.2 7.9 ± 0.2 12.2 ± 0.6 11.2 ± 0.5 0.9 ± 0.06 0.7 2.9 196 14 -15 July 9 9.8 ± 0. 
Eight-Hour Wave Amplitudes and Growth
[18] Assuming an OH layer centered at $87 km and an O 2 layer at $94 km we can use the fitted wave data to investigate the growth (or decay) in amplitude of the 8-hour waves as they progressed through the upper mesosphere. The results are also listed in Table 1 and show considerable night-to-night variability in the fitted wave amplitudes which varied in magnitude by over a factor of three (from 5 to 17 K) during the 10 nights of near consecutive data. Comparison of the OH and O 2 data sets indicates strong evidence for amplitude growth or attenuation on individual nights. This property of the waves can be quantified by taking the ratio of the O 2 temperature perturbation amplitude to that of the corresponding OH temperature perturbation. We denote this wave parameter as the amplitude growth factor ''G.'' Figure 7 plots an excellent example of terdiurnal wave growth with altitude recorded on 9 -10 July (UT day 191). At the OH altitude (bottom plot), the wave amplitude was 5.1 ± 0.5 K (slightly below the mean for the 10-night ensemble) whereas the data in the upper plot indicates that the wave grew in amplitude to 9.6 ± 0.5 K by the time it reached the O 2 layer. The growth factor on this occasion was found to be 1.9 ± 0.2 which was the largest observed during this 10-day period. Significant wave growth was also observed on two other occasions (UT day 187 and 189) with magnitudes 1.6 and 1.8. Theoretically, a growth factor of $1.7 would be expected for an ideal atmosphere (i.e., with no dissipation) due to the decrease in atmospheric density over the nominal $7 km of mean separation of the two emission layers [Noxon, 1978; Reisin and Scheer, 1996] . For comparison, the wave analysis for the previous night (Figure 3 ) yielded a G factor of unity (1.0 ± 0.1) implying no measurable growth on this occasion. A similar situation arose on 5 other nights during this period (see Table 1 ). On one night (day 196), exceptionally strong wave dissipation was observed resulting in a 40% reduction in amplitude of the wave (from 10.2 K down to 6.3 K) over the nominal OH and O 2 height separation (see Figure 8) . These examples illustrate the highly dynamic nature of the 8-hour wave during this relatively short interval in July 2002, possibly imposed by strong variability in the background atmosphere.
Eight-Hour Wind and Temperature Relation
[19] Coincident radar measurements at Maui permit a novel investigation of long-period wave signatures in mesospheric temperatures and winds. Figure 9 plots the observed winds over a 24-hour period for 87 and 94 km (mean centroid altitude of the OH and O 2 emission layers, respectively) for the 10 nights of data in July 2002 when strong 8-hour wave signatures in temperature were determined. Figures 9a and 9b show the individual zonal wind components, while Figures 9c and 9d show the corresponding meridional components. The bold curves in 
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each case indicate the form of the nightly mean zonal and meridional variations during this period. As expected, both the zonal and meridional wind components at 94 km exhibit larger night-to-night variability than the winds at 87 km, due primarily to the enhanced effects of gravity waves and tides. This said the meridional winds exhibit similar amplitudes (about ±40 m/s) at each emission altitude but dissimilar phase relationships. The zonal winds also exhibit similar amplitudes ($±30 m/s) but a near in-phase relation. Note that the horizontal bars in each plot indicate the nocturnal period when coincident MTM temperature measurements were made.
[20] In order to compare the wind and temperature variability at temporal scales $8 hours, the wind data were first binned into 48-hour intervals and fitted to a model consisting of a mean, 48-, 24-, and 12-hour components. The fitted model was then subtracted from the data, leaving the residuals which contained any 8-hour (or shorter period components) present at that time. To investigate the nature of the residuals, an 8-hour component was then fitted to the residuals for each 2-day interval. The fit was weighted using the estimated standard errors for the hourly winds. This analysis revealed the intermittent nature of the 8-hour winds; however, coherent 8-hour winds of significant amplitudes (zonal and meridional) were observed during the 4 day period of 7 -10 July (inclusive) permitting a direct comparison with the temperature oscillations.
[21] Figure 10 (solid line) plots the meridional wind residuals for this time interval now averaged into a 24-hour period. The corresponding temperature data averaged over the same period is indicated by the dashed lines. The top panel shows the comparison for the O 2 ''wind-temperature'' data while the bottom panel illustrates the results for the OH comparison. In both cases the wind and temperature perturbation amplitudes were significant at 10-15 m/s and 10-20 K peak to peak respectively, and show qualitative agreement in their temporal variability. A cross-correlation analysis was performed to help quantify the apparent relationship between the quasi-8-hour wind and temperature perturbations. This analysis showed the correlation to maximize when positive shifts were introduced in the two temperature data sets by $2 hours (correlation 0.77 for O 2 and 0.65 for OH layer). Figure 11 shows the result of a similar analysis applied to zonal wind residuals for this period. In this case, the zonal wind component appears to be almost in anticorrelation with the quasi-8-hour temperature oscillation (correlation À0.91 for O 2 and À0.76 for OH layer when temperatures were shifted by $1 hour). However, when temperatures were shifted by $4 hours, 
Discussion
[22] Terdiurnal (8-hour) tidal oscillations in upper atmospheric winds are a well established, yet intermittent feature of the MLT region [Avery et al., 1989; Manson et al., 1989; Vincent et al., 1989; Franke and Thorsen, 1993; Thayaparan, 1997] . Measurements from the UARS satellite have shown that the annual average of the terdiurnal tide is $5 m/s (meridional) and 15 m/s (zonal) over the latitude range±60°a t 95 km altitude [Smith, 2000] . The maximum amplitudes occur at midlatitudes, during fall and winter months, while amplitudes at low latitudes are usually less than 5 -10 m/s. Such amplitudes are low compared with the typical semidiurnal (15 -25 m/s) and diurnal (20 -40 m/s) meridional and zonal components. These conditions agree well with the prevailing tidal perturbations observed over Maui during the summer 2002 (see Figure 2) .
[23] In comparison, measurements of terdiurnal signatures on the mesospheric temperature are sparse and have focused on the high-(and more recently middle-) latitude mesosphere where the longer winter nights afford the best observing conditions for identifying their signatures [Sivjee and Hamwey, 1987; Sivjee et al., 1994; Wines et al., 1995; Oznovich et al., 1995; Taylor et al., 1999; Pendleton et al., 2000] . Together, these observations (albeit limited) have revealed persuasive evidence of persistent quasi-8-hour nocturnal oscillations with mean amplitudes $3 -4 K (averaged over a several day period) and occasional nocturnal amplitudes as large as $15 K). The detection of a well-defined terdiurnal-like wave signature in the mesospheric temperature field over Hawaii, reported here, is a novel result helping to further quantify its characteristics and demonstrating the occasional apparent dominance of this tidal harmonic at low latitudes.
Terdiurnal Temperature Oscillations at Low Latitudes
[24] This study has focused on the summer period when the GSWM model results suggested the migrating diurnal and semidiurnal tidal components of the temperature field would be at a minimum for this latitude ($20°N) . Temperature amplitudes for the GSWM-02 model show a summertime minimum: semidi- urnal ($0.5 K) and diurnal ($1-2 K) amplitudes while maxima occur during the spring and fall ($3.5 and $8 K) for the semidiurnal and diurnal components respectively (Note the GSWM-02 model does not include a terdiurnal forcing component). Thus summertime measurements are expected to be most suitable for detecting the weaker terdiurnal temperature signatures at low latitudes. However, there could also be a significant contribution to the diurnal and semidiurnal tidal wind field caused by nonmigrating components, but these are as yet not well defined [e.g., Hecht et al., 1998; Talaat and Lieberman, 1999] .
[25] The detection of relatively large amplitude waves in the OH and O 2 temperature data (typically $10 K for individual nights and average $5 -6 K) is significant and suggests potentially strong terdiurnal-type forcing at low latitudes during this 10-day period in July. In comparison, studies of the terdiurnal temperature signatures at midlatitudes (which have been conducted primarily from Bear Lake Observatory, Utah, 41.9°N) over a similar duration (10-day period) indicated a mean nocturnal temperature amplitude of $3 -4 K during the fall and early winter months when UARS satellite data also indicated strong terdiurnal activity in the mesospheric wind field [Wines et al., 1995; Pendleton et al., 2000] .
[26] The observed range in our 8-hour temperature amplitudes (5.1 to 16.8 K) is large but consistent with those reported by Pendleton et al. [2000] using OH measurements alone and emphasizes the occasional prominence of this wave component. For example, published measurements of the semidiurnal tide (which is expected to be much stronger), from Hawaii (20.8°N) during the ALOHA-93 campaign [Hecht et al., 1995] show individual OH wave amplitudes ranging from 1.5 to 6.9 K with a mean of $3.5 K in good agreement with the GSWM-02 model. Furthermore, OH measurements of the semidiurnal tidal component observed at a midlatitude site from Argentina (32°S) show a significantly larger mean amplitude $11 K (as recorded during a several month period) yet the range of individual semidiurnal measurements (7 -15 K) is similar to that reported here (5.1 to 16.8 K) for the terdiurnal temperature component.
[27] Additional evidence in support of a terdiurnal tidal interpretation for these data is obtained from phase information determined from wave fitting to the temperature measurements from the two emission layers. Figure 12a plots the phase difference (O 2 ÀOH) as a function of day number for each of the 10 nights of data. Individual phase separations range from 0.5 to 2.0 hours (see Table 1 ) with a clear dominance for a mean of $1.0 hour. On the last night of the observations, the phase shift jumped to $2 hours for the same ''goodness'' of wave fit. Importantly, the O 2 wave perturbation always led the OH temperature variation providing strong evidence of downward phase progression associated with this 8-hour wave, consistent with its generation in the lower atmosphere directly by solar heating or by dynamical wave-wave interactions between other tidal components [e.g., Smith, 2000] . Assuming a mean separation in altitude of 7 km for the OH and the O 2 emission layers we can estimate the downward phase velocity associated with each of these long-period wave events. The results are listed in Table 1 and indicate phase speeds of 0.9-3.8 m/s with a mean of 2.3 m/s. Applying these results to an $8-hour wave motion yields vertical wavelengths in for terdiurnal tidal winds. Several of these modes (3 -7) fall within the range 47-116 km which agrees well with our vertical wavelength estimates from mesospheric temperature measurements. In particular, the averaged temperature data indicates a vertical wavelength of 62.7 km which compares very favorably with the #5 wind Hough mode (63 km). Unfortunately, there are currently no model predictions for terdiurnal temperatures as a function of latitude to directly compare our measurements with.
Terdiurnal Wave Amplitude and Growth
[28] As well as measurements of the phase relation, we can also use the amplitude growth factor ''G'' to further investigate the wave dynamics in this part of the MLT region. Figure 12b plots G versus day number for the July data set. As discussed earlier, under ideal conditions with no wave dissipation, the amplitude of the 8-hour tide would be expected to grow by a factor of $1.7, as detected in the OH and O 2 emission layers. The figure shows that on $60% of the nights the 8-hour wave exhibited a G factor close to unity implying no measurable wave growth with altitude. In comparison, only three nights (30%) exhibited growth factors in the range of $1.6-1.9 expected under conditions of no significant wave dissipation. These three events occurred earlier in our observing period but were not consecutive. We are unaware of any prior measurements of wave growth (or dissipation) for 8-hour oscillations at mesospheric heights. This said, we note here that midlatitude measurements of long period ($10-14 hours) waves observed in the OH and O 2 emission by Reisin and Scheer [1996] show a similar range of growth factors of 0.5-1.9. However, in their case the wave perturbations were attributed primarily to the semidiurnal tide. The calculation of the wave amplitude growth and implications on the wave dissipation depend critically on the assumption of the airglow layer height separation. For example, the observed G factors in the range 1.6 -1.9 correspond to a nominal altitude separation of $6.5-9 km for dissipationless atmosphere.
[29] During this observation period, there were no simultaneous measurements of the OH and O 2 layer profiles; however, height changes of this magnitude are quite possible, especially under conditions of strong tidal forcing [e.g., Melo et al., 2001; Zhao et al., 2005] . However, the majority of our measurements indicate a G factor of close to unity which suggests either significant wave damping or similar altitudes for the two layers. If the later were the case there should be no phase difference between the 8-hour waves simultaneously observed in the OH and O 2 temperature data. Figure 12a shows a clear phase shift for these six nights ranging from 0.6 to 2.0 hours with a mean of 1.0 hours, implying sizable separation of the layer centroids, and consequently wave dissipation. Regardless of the layer separation uncertainty, the observation of a G factor of $0.6 on day 196 suggests strong wave dissipation. Taken together, these measurements show clear evidence for wave dissipation, of variable magnitude during this relatively short 10-day period in July.
Terdiurnal Temperature and Wind Relation
[30] The observation of a strong correlation between the tidally induced temperature and wind variability is not surprising as the temperature and wind perturbations are driven by the same wave forcing (in this case an $8-hour period wave). Such studies are rare, probably because of the apparent lack of coincident temperature and 24-hour wind measurements over extended periods of time. However, Hocking and Hocking [2002] have investigated the wind-temperature relationship for diurnal and semidiurnal tides using Meteor Wind Radar and inferred temperature studies. The Maui MALT program is designed to investigate mesospheric dynamics at low latitudes using complementary optical and radar observing techniques and provides the opportunity for further such detailed coordinated measurements.
[31] Our observations (Figures 10 and 11) show coherent structure and a clear phase shift between the terdiurnal wind and mesospheric temperatures as measured at two altitudes (with the temperature variation apparently lagging the wind components). In particular, the meridional wind component shows a smaller phase shift of $2 hours than that of the zonal wind component ($4 hours). In comparison, the recent study by Hocking and Hocking [2002] shows the meridional wind component to be almost in phase for the upward propagating semidiurnal tide for vertical wavelength smaller than 80 km while substantial phase shifts between temperature and zonal wind component are expected resulting in a quadratic relationship (due to the forcing of the meridional circulation by zonal energy dissipation). For much larger vertical wavelengths (when the tidal modes approach evanescence), the temperature oscillations were shown to be almost in-phase with zonal winds while, for moderately long vertical wavelengths, it is expected that the observed zonal and meridional phase relationship will lie between these limits. Their investigation utilized midlatitude measurements; however, the associated theoretical study extended from 20 to 50°N which includes Hawaii (20.8°N). Although the Hocking and Hocking study focused on the semidiurnal and diurnal tidal component, it is not unreasonable to assume that a similar relationship may exist for the terdiurnal component discussed herein.
This has yet to be established. However, our findings on the phase relation for quasi-8-hour temperature and wind components (2 hours for meridional and 4 hours for zonal component) for moderately long inferred vertical wavelengths of 52-113 km during the 7 -10 July period agree well with the ideas put forth by Hocking and Hocking [2002] .
Summary
[32] This study provides new measurements of quasi-8-hour oscillation in mesospheric temperature at low latitudes. This oscillation appears to be indicative of the terdiurnal tidal component for the following reasons:
[33] 1. Average of highly coherent oscillations observed over a 10-day period exhibits a well-defined terdiurnal signature with similar mean amplitudes of $5.5 K in both OH and O 2 emissions.
[34] 2. Consistent and well-defined phase shift (average $1 hour) implying downward phase progression supporting a lower atmospheric origin for the oscillation.
[35] 3. Deduced vertical wavelength (average $63 km) compares very favorably with that predicted by the Rose model for the terdiurnal wind [Smith and Ortland, 2001] .
[36] 4. Novel investigations of the induced 8-hour temperature and mesospheric wind variability comparison suggest a significant correlation with a discernable phase shift.
[37] This oscillation was a dominant feature of the nocturnal MLT temperature field during a 10-day period in July 2002. Observations of terdiurnal oscillations in mesospheric temperature are rare and these measurements provide the first experimental data at low latitudes. Furthermore, detailed measurements of the growth of this wave component show amplification factors ranging from 0.6 to 1.9 suggesting variable degrees of wave dissipation over the nominal altitude range 87-94 km. This in turn implies that the lowlatitude mesospheric region can be highly dynamic (at least during July). However, our MTM data suggest that this wave activity may extend to longer intervals during the summer. Finally, we report new observations demonstrating an apparent phase relationship between the OH and O 2 temperatures and the zonal and meridional wind residuals for the 8-hour tide. Further analysis of our joint wind and temperature data for other summer months and seasons is planned.
